) is localized to nuclear speckle compartments; plasticity. Here, we show that a gene induced in the there, it is associated specifically with the hyperphosphstriatum by cocaine or direct dopamine stimulation, orylated form of Pol II (Pol IIo) and other components ania-6, is a member of a novel family of cyclins with of the RNA elongation/splicing apparatus, such as the homology to cyclins K/T/H/C. Further, different types splicing factor SC-35 and the p110 PITSLRE cyclin-deof neurotransmitter stimulation cause selective inducpendent kinase. In contrast, the ania-6 splice variant tion of distinct ania-6 isoforms, through alternative induced by glutamate stimulation encodes a truncated splicing. The longer Ania-6 protein colocalizes with protein (Ania-6a
Introduction Results

Stimulation of dopamine receptors in the striatum is
Ania-6 Is a Novel, Inducible Cyclin involved in both normal learning and drug addiction An expressed sequenced tag for ania-6 was previously (White, 1997; Schultz, 1998; Berke and Hyman, 2000) . isolated through differential display PCR (Berke et al., Like other forms of long-lasting neural plasticity, these 1998). In adult rats, ania-6 mRNA is induced in dopamine behavioral changes are thought to require at least tran-D1 receptor-expressing striatal neurons following syssient alterations in gene expression (Nguyen et al., 1994;  temic injections of cocaine ( Figure 1A ) and is intensely Nestler, 2001 ). Although many dopamine-and cocaineinduced by a selective D1 receptor agonist in the dopainduced genes have been identified (e.g., Cole clones and found that these two bands correspond to machinery (Wei et al., 1998; Edwards et al., 1998) . However, the closest protein sequence matches obtained two alternatively spliced mRNAs from the same gene (both mRNAs are induced by cocaine or D1 agonists from GenBank were to uncharacterized genes of invertebrate and plant species-for example, a 153 amino acid in vivo; data not shown). The shorter mRNA ‫1.2ف(‬ kb) contains a 1.6 kb open reading frame (ORF) encoding stretch of mouse Ania-6a is 46% identical to a predicted protein of the plant Arabidopsis, while 33% identical a predicted protein of size 60 kDa. The longer rat mRNA ‫4ف(‬ kb) arises when an exon/intron splice junction is to the nearest previously described mammalian cyclin (cyclin K). Ania-6a and -6b therefore represent a distinct, not used (see Figure 3B, The expression of ania-6 mRNA is under very tight ment (CRE), as well as other regulatory elements that can confer inducible gene expression. We did not identemporal control in vivo-following peak induction of ania-6 in striatum, the mRNA is rapidly degraded, even tify any consensus sequences for such regulatory elements in the ania-6b promoter, and we have not yet more rapidly than c-fos (Berke et al., 1998). Consistent with this, the 3Ј untranslated region common to both found any forms of cellular stimulation that induce ania6b above basal levels (see Figure 4D below). Consistent ania-6 isoforms is highly conserved between mammalian species (the last 400 bp of 3Ј UTR is 98% identical with the presence of a CRE, ania-6a is an IEG in cultured striatal neurons, as ania-6a mRNA remains inducible between human and rat, compared to 93% for the ORF) and contains many AU-rich sequences, including multiin the presence of protein synthesis inhibitors. In the presence of cycloheximide, ania-6a is superinduced by ple repeats of the pentanucleotide AUUUA (data not shown). Such sequences promote rapid mRNA degradaa dopamine D1 receptor agonist, SKF38393 ( Figure 4A ). Like other IEGs, ania-6a expression can be induced by tion in various immediate-early genes (IEGs), and loss of these sequences can contribute to oncogenesis cycloheximide alone; however, this induction was unexpectedly found to be selective for the shorter ania-6a (Schiavi et al., 1992) .
Inspection of public databases revealed many human, mRNA isoform (which encodes the longer protein). To further investigate the regulation of ania-6a transcripts, mouse, and rat expressed sequence tags for both of the major ania-6 mRNA isoforms and also for a closely we treated primary cultures of striatal neurons with a variety of stimuli that can induce gene expression (Figrelated but distinct gene. We refer to the ania-6 gene as "cyclin ania-6a" and to the closely related gene as ures 4B and 4D). Remarkably, we found that each ania6a mRNA can be independently induced. Application of "cyclin ania-6b." The tissue distribution of ania-6b mRNA strongly resembles that of the larger mRNA form the neurotransmitter dopamine can cause induction of both long and short mRNA isoforms (for quantification, of ania-6a (data not shown), and the predicted Ania6b protein sequence is similarly truncated ( Figure 2B ). see Figure 4C ). In contrast, the neurotransmitter glutamate selectively induces the long mRNA, while a depoAmong previously characterized proteins, Ania-6a and -6b are most similar to those mammalian cyclins (K, T, larizing concentration of KCl preferentially induces the short mRNA. Different neurotransmitters can therefore H, and C) that are part of the RNA elongation/processing Figure 6 ). In cona direct interaction between the Ania-6a 60 protein and trast, the truncated Ania-6a protein has a more homoge-SC-35 in a yeast two-hybrid screen; this interaction was neous distribution in both nucleus and cytoplasm (data confirmed by a mating test (data not shown). not shown). Nuclear speckles (also called intrachromatin granule clusters [IGCs] ) are believed to be storage compartments for nuclear proteins involved in mRNA proAnia-6 Is Associated with the "Orphan" Cyclin-Dependent Kinase cessing (reviewed in Misteli, 2000). These include the known "SR proteins" that associate with Pol II via its p110 PITSLRE In general, cyclins act as modulators of cyclin-depenhyperphosphorylated C-terminal domain (CTD) and which (like Ania-6a) contain an RS domain (Caceres et al., dent kinases. We therefore examined a number of known cdks for possible interactions with Ania-6a. In coimmu-1997). Pol IIo and its associated protein complex are thought to be dynamically recruited from speckles to noprecipitation experiments, we did not observe any interaction between Ania-6a and cdk5, cdk7, cdk8, or sites of active transcription (Bregman et al., 1995) .
We hypothesized that Ania-6a might also be an RS cdk9 ( Figures 7G and 7H and data not shown). However, we discovered that Ania-6a does interact with another nucleoplasm and nuclear speckles (Loyer et al., 1998) and also to interact selectively with Pol IIo, not Pol IIa cdk, p110 PITSLRE, and that this interaction is specific for the Ania-6a 60 protein (Figures 7E and 7F) . PITSLRE (Bregman et al., 2000) . PITSLRE also contains many of the arginine dipeptide repeats characteristic of spliceohas several features that are particularly consistent with an interaction with Ania-6a. It has both nuclear and nonsome components, and the p110 isoform is known to interact with the RNA binding protein RNPS1, an activanuclear forms, generated by alternative splicing (Xiang et al., 1994) et al., 2000) . Like Ania-6a, the p110 PITSLRE variant is known to be localized to both previously described. . It remains to be determined precisely which by various forms of neuronal stimulation, it is in an excellent position to differentially regulate the splicing of neumechanisms contribute to differential regulation of ania-6 splice variants. ral genes. However, more work is required to definitively establish the role of Ania-6 in splicing versus other asIn addition to ania-6, levels of the splicing factor transformer-2-␤ can be regulated in the rat brain in response pects of RNA processing. added for 2 hr at 4ЊC. After multiple washes, beads were resuspended in 2ϫ SDS loading buffer and denatured by boiling before electrophoresis through an SDS 8%-16% polyacrylamide gel (InCloning Genomic DNA vitrogen). After transfer to nitrocellulose membranes and blocking To obtain genomic sequence for both ania-6a and ania-6b, we first in TBS-T buffer with 5% milk, primary antibodies were added at the screened a prearrayed mouse ES cell BAC library (Down-to-thefollowing concentrations: anti-FLAG, 1:1000; CC-3, 1:3000; 8WG16, Well, Genome Systems) using PCR. Positive BAC clones (130 kb 1:500; C-21, 1:500; anti-PITSLRE (C17, Santa Cruz), 1:200; antiand 170 kb) were isolated, shotgun libraries constructed, and 1500 cdk7 (FL-346; Santa Cruz), 1:500. After multiple washes in TBSsequencing reads performed for each gene, using standard meth-T, membranes were incubated with appropriate HRP-conjugated ods. Through contig assembly, we obtained 12 kb of promoter sesecondary antibodies (1:10,000) and washed again prior to visualizaquence for ania-6a and 27 kb of sequence upstream of the most 5Ј tion using SuperSignal (Pierce) and film exposure (X-OMAT, Kodak). identified ania-6b exon, at an approximate read depth of 4 to 6X.
-L) Representative examples of COS-7 cells transfected with FLAG:Ania-6a 60 and triple labeled using the nuclear stain DAPI (A, E, and I), together with anti-FLAG (B, F, and J), 8WG16 (C), CC-3 (G), or anti-SC-35 (K) antibodies. The CC-3 antibody preferentially recognizes a hyperphosphorylated form of Pol II (Pol IIo), whereas the 8WG16 antibody preferentially binds hypophosphorylated Pol II (Pol IIa) (Vincent et al., 1996). (D), (H), and (L) show the overlay of (B) and (C), (F) and (G), and (J) and (K), respectively. associated protein 2 (MAP2) (Keryer et al., 1993). Cdks Regulated Splicing and Neural Plasticity
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